ABSTRACT. Svm~athoadrenal svstem function mav be Abbreviations altered following i;trauterine growth retardation (IUGR). We tested the hypothesis that the growth-retarded newborn rat pup has increased basal sympathoadrenal activity under normoxic conditions and a blunted sympathoadrenal response to acute hypoxia. IUGR was established by uterine artery ligation on d 18 of gestation in Sprague-Dawley rats. Growth-retarded pups were chosen as those whose birth wt was more than 2 x S D below the mean birth wt of control pups delivered to sham-operated dams. At 24 + 12 h of age cardiac sympathetic neuronal activity (CSNA) was determined by 3H-norepinephrine tracer and a-methyltyrosine techniques. Adrenal medullary catecholamine synthesis (CAT SYN) was measured by '4C-tyrosine precursor methods, and adrenal catecholamine release (CAT REL) was determined using a-methyl-tyrosine. IUGR and control pups were studied over a 120-min period of normoxia or hypoxia (Fioz = 0.09). Under normoxic conditions, the IUGR pups had increased CSNA and increased adrenal CAT SYN and CAT REL compared to controls. Adrenal CAT REL in normoxic IUGR pups was selective for epinephrine. In response to acute hypoxia, control pups had increased CSNA and increased adrenal CAT SYN and CAT REL compared to normoxic controls, with the proportion of norepinephrine and epinephrine released mimicking the ratio of the two amines in the adrenal. In contrast, in hypoxic IUGR pups CSNA and adrenal CAT SYN did not increase, and norepinephrine alone was released from the adrenal medulla. It is speculated that IUGR in the rat may lead to an acceleration of cardiac sympathetic innervation and premature establishment of neural regulation of adrenomedullary function, resulting in impaired sympathoadrenal responses to acute stresses such as hypoxia. Compromised sympathoadrenal system function in the IUGR fetus or newborn may contribute to the pathogenesis of the perinatal morbidities and the increased perinatal mortality known to occur in this high risk population. (Pediatr Res 25:466-472, 1989) 
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The purpose of the present study was to determine the activity of the components of the syrnpathoadrenal system in the IUGR newborn under basal normoxic conditions and in response to acute hypoxia in an established rat model of uteroplacental insufficiency. Methods were employed to assess separately the function of the sympathetic nervous system and the adrenal medulla. We tested the hypothesis that the IUGR newborn rat has increased basal syrnpathoadrenal activity under normoxic conditions and an impaired syrnpathoadrenal response to acute hypoxia.
MATERIALS AND METHODS
Animal preparation. The rat was chosen as the animal model because the development of the sympathoadrenal system of the SYMPATHOADRENAL R1 ESPONSE TO HYPOXIA 467 rat has been studied extensively (10) (11) (12) and because the rat has been successfully employed as a subject for experimental growth retardation using the uterine artery ligation technique first described by Wiggelsworth, or a modification of that technique (13) (14) (15) . Slotkin and others have shown that after normal rat pregnancies the sympathetic innervation of the newborn heart may be incomplete until the latter half of the 1st wk of life, and adrenomedullary catecholamine release is not neurogenically mediated until approximately the same postnatal age (10-1 1) . However, after maternal stress during the last 5 d of gestation, the sympathetic innervation of the heart and the adrenomedullary response to stress are intact in 1-day-old rat pups (16) (17) (18) . In the present study, the evaluation of sympathoadrenal activity was performed at 24 + 12 h of age in an effort to study the rat pups soon after birth, but not during the period of immediate postnatal adaptation and stabilization (19) . As the establishment of the experimental group required maternal surgery late in gestation and as such surgery may affect fetal sympathoadrenal development, the control group was chosen to be pups born to similarly operated dams differing from experimental dams only in that they did not undergo the uterine artery ligation to produce uteroplacental insufficiency.
Time-dated pregnant Sprague-Dawley rats were used (Taconic Farms, Germantown, NY). The morning after mating overnight, when the females were sperm positive, was denoted as d 1 of gestation. The dams were housed individually in wood-chip bedded plastic cages at 23°C with light-dark cycles of 12 h each. They were given free access to a stock diet and tap water. The dams were then randomized to enter the experimental group or the control group before surgery on d 18 of gestation. In the experimental group, a low midline laparotomy incision was made under ether anesthesia, the uterus was exposed, and 3-0 silk ligatures were placed bilaterally around the uterine arteries at the cervical ends. The uterus was then replaced and the laparotomy incision was closed. The sham surgical procedure for the control dams was identical to that of the experimental group except that the ligation of the uterine arteries was not performed. The dams were then allowed to deliver spontaneously on d 22 or 23 of gestation.
The newborn pups were weighed within 6 h of the time of birth. IUGR pups were selected to be those pups born to ligated dams whose birth wt was more than 2 x SD below the mean birth wt of the control pups. The pups were housed with their mothers until the time of study.
Experimental design. Sympathoadrenal system function was determined in two separate sets of studies. The first set of studies involved the determination of plasma catecholamine concentrations and cardiac sympathetic neuron activity by measurement of NE turnover in the neurons using [3H]-NE as the tracer substance. The methods used were modifications of techniques previously established in developing and adult rats by Landsberg and others (20) (21) (22) (23) (24) The pups were then placed in a wood chipbedded, covered clear plastic chamber with the air temperature maintained at 29°C by a convective heat source. The pups were studied for up to 120 min under normoxic conditions receiving room air or under hypoxic conditions receiving a gas mixture with an Fio2 of 0.09, Fico2 of 0.025, balanced with nitrogen, administered into the chamber at a flow rate of 2 literslmin. The Fio2 was monitored continuously with an IMI 3300 oxygen analyzer (Datamedic, Inc., Sharon, MA). At preselected times during the study period (0, 15, 30, 60, and 120 min) the pups were killed by rapid decapitation. Mixed arterial and venous trunk blood was immediately obtained, centrifuged and serum stored at -70°C, and the heart was harvested, weighed and stored also at -70°C until biochemical analyses were performed. Pups from the same litter were studied throughout the 120-min period. In a separate group of animals, trunk blood gases were measured using a Corning 175 blood gas analyzer (Corning Scientific, Medford, MA) to confirm the establishment of hypoxic conditions.
The second set of studies involved the evaluation of adrenal medulla catecholamine synthesis and release. The rate of catecholamine synthesis was determined by measurement of the rate of synthesis of I4C-labeled adrenal catecholamines over the study period after the administration of tracer doses of 14C-tyrosine precursor. The methods used were modifications of techniques previously established to measure in vivo catecholamine synthesis in the adrenal gland and in other tissues in the rat (25) (26) (27) (28) (29) . At the onset of the study period the rat pups received 3 &/g birth wt of uniformly labeled ~-tyrosine-'~C (525 mCi/mmol, New England Nuclear) by IP injection. They were then placed in the study chamber under either normoxic or hypoxic conditions for 120 min as described above. At the end of the study period, the rat pups were killed by rapid decapitation, and the adrenal glands were harvested for the determination of I4C-labeled catecholamine content.
Adrenal medulla catecholamine release was determined by measurement of the decline in adrenal catecholamine content over the study period following pretreatment with aMT, a potent inhibitor of the rate-limiting step of catecholamine synthesis. In addition to providing a means of assessing adrenal medulla catecholamine release, aMT pretreatment is also an alternative method of evaluation of cardiac sympathetic neuron activity by measurement of cardiac NE release. The methods used were similar to those previously established by Gordon and others (25) (26) (27) 30) . At the onset of the study period, the rat pups received aMT, 400 pg/g birth wt, or an equivalent vol of vehicle (normal saline) by IP injection. Studies by Udenfriend et al. (26) have shown that such a dose of aMT causes virtually 100% reduction of conversion of 14C-tyrosine to catecholamines in the adrenal gland. Preliminary dose-response studies verified that this dose effectively inhibited adrenal catecholamine synthesis and was well tolerated by the animals. As in the adrenal catecholamine synthesis studies, the rat pups were then placed in the study chamber under either normoxic or hypoxic conditions for 120 min. At the end of the study period, the rat pups were killed by rapid decapitation; the adrenal glands and hearts were harvested, and catecholamine content was determined. Rat pups were also killed at time 0 to allow for the measurement of adrenal and cardiac catecholamine content at baseline.
Methodology. Plasma, cardiac, and adrenal NE and EPI contents were determined by high performance liquid chromatography with electrochemical detection (LC-4A Electrochemical Detector, Bioanalytical Systems, Inc., West Layfayette, IN). The catecholamines were isolated from the plasma and tissues after deproteinization by absorption onto alumina at pH 8.6 followed by elution with 0.2-N perchloric acid (3 1). Chromatography was performed using a revision of the methods of Hjemdahl et al. (32) . Dihydroxybenzylamine was used as the internal standard and the recovery of catecholamines was 70-80%. The lower limits of sensitivity were approximately 20 pg injected for NE and 30 pg injected for EPI. For NE the intraassay and interassay coefficients of variation were 6.6% and 12.0%, respectively, and for EPI they were 6.7% and 10.0%, respectively. Cardiac [3H]-NE content and adrenal I4C-labeled catecholamine content were determined by liquid scintillation spectrometry using a Beta Trac 6895 Liquid Scintillation System (Tn Analytic, Inc., Elk Grove Village, IL). Counting efficiencies for 3H and I4C were 40-43% and 81 %, respectively. The minute size and gelatinous consistency of the adrenal gland in 1-d-old rat pups precluded accurate dissection and weighing, or separation of cortex from medulla. As such, adrenal endogenous catecholamine content and adrenal catecholamine synthesis are expressed per adrenal gland (1 7).
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Data analysis and statistical methods. Cardiac NE turnover analysis with ["I-NE is based upon two observations in developing and adult rats. The first is that catecholamines in the rat heart are confined to the sympathetic terminal axons and that NE is the predominant amine (33) . Secondly, the sp act of labeled NE in the heart declines as a single exponential obeying first order kinetics. After administration, tracer doses of [3H]-NE rapidly equilibrate with endogenous NE within the cardiac sympathetic nerve endings. The labeled NE is then released along with endogenous NE in response to sympathetic stimulation. The slope of a semilogarithmic plot of the decline in NE specific activity versus time equals the fractional NE turnover rate. The fractional NE turnover rate correlates with the degree of cardiac sympathetic neuronal activity as assessed by other methods such as the measurement of neuron electrical potentials (20) (21) (22) 24) . The fractional NE turnover rates were calculated from data obtained during the study period by the method of least squares. The results were compared between study groups by analysis of covariance (24, 34) .
Single comparisons of parameters between groups were performed by unpaired Student t tests. Multiple comparisons between study groups or over time were performed by analysis of variance with post hoc testing using the Bonferroni correction (35, 36) . A p value < 0.05 was considered to be statistically significant.
RESULTS
Populations studied. In the first set of studies examining plasma catecholamine concentrations and cardiac 3H-NE turnover 10 dams were sham-operated and 38 underwent uterine artery ligation. At 6 h of postnatal life 74% of control fetuses and 34% of fetuses in the experimental group were alive. Of control pups, 4%, and of experimental group pups 62%, met the criteria for IUGR. Of control pups, 99% survived from 6-24 h of life, yielding 74 control pups alive at the time of study. Of experimental group pups, 89% survived from 6-24 h of life (87% for IUGR vs. There were no differences in Po2 between control and IUGR pups under similar conditions. In both control and IUGR groups, the pups had a mild respiratory alkalosis when they received the hypoxia gas mixture, despite the administration of an Ficoz of 0.025 to counteract hypocarbia due to hyperventilation.
Plasma catecholamine concentrations.
At the onset of the study period the plasma EPI concentration was similar in control and IUGR pups (Fig. 1) . In response to hypoxia, the control pups had an increase in plasma EPI that was significantly greater than the plasma EPI for IUGR pups at 5 and 60 min of hypoxia. The data at 5 min of hypoxia were obtained on a separate group of pups who were studied post hoc to ensure that a rise in plasma EPI prior to 15 min of hypoxia had not been overlooked. By the end of the period of hypoxia, the plasma EPI concentration in controls was back near baseline and similar to IUGR values. Both the control and IUGR groups had no change in plasma EPI during the 2-h study period under normoxic conditions (data not shown). At baseline the plasma NE concentration was also similar in control and IUGR pups (Fig. 2) . In response to hypoxia the control pups had a more than 2-fold increase in plasma NE at 60-min; the elevation in NE did not occur in the hypoxic IUGR pups. As occurred with EPI, the plasma NE concentration in controls at 120 min of hypoxia was back to baseline and similar to IUGR values. Both the control and IUGR groups had no change in plasma NE during the 2-h study period under normoxic conditions (data not shown). Cardiac sympathetic neuron activity. The results of the determination of cardiac sympathetic neuron activity by measurement of [3H]-NE turnover are shown in Figure 3 . In the control pups (Fig. 3, upper panel) there was an increase in cardiac [3H]-NE turnover in response to hypoxia compared to normoxia. In contrast, in the IUGR pups (Fig. 3, middle panel) there was no change in cardiac [3H]-NE turnover during hypoxic compared to normoxic conditions. During normoxia, control pups and IUGR pups had similar fractional NE turnover rates (Fig. 3,   lower panel) . During hypoxia, the control pups had a more than 10-fold increase in fractional NE turnover rate. This response was absent in hypoxic IUGR pups. Turnover rates for control normoxic, IUGR normoxic and IUGR hypoxic groups were not significantly different from 0.
IA. CONTROL
The results of the assessment of cardiac sympathetic neuron activity by measurement of endogenous cardiac NE turnover following a M T pretreatment are shown in Figure 4 . At baseline the endogenous cardiac NE content was similar in control and IUGR pups. After pretreatment with aMT, endogenous NE content declined by 37% over 120 min under normoxic conditions in control pups. In the normoxic aMT-treated IUGR pups there was a 59% decline in endogenous NE content over 120 min, greatly exceeding the decline observed in control pups. This indicated that under normoxic conditions, cardiac sympathetic neuron activity as assessed by this method was greater in IUGR pups than in control pups. After pretreatment with aMT, endogenous NE content declined an additional 18% in hypoxic compared to normoxic control pups, supporting the finding in the [3H]-NE studies that the control pups had an increase in cardiac sympathetic neuron activity in response to hypoxia. In contrast, in the IUGR pups there was no additional decline in endogenous NE content under hypoxic conditions compared to normoxic conditions. This is consistent with the results for hypoxic IUGR pups in the [)HI-NE studies. Cardiac endogenous NE content was also measured in control and IUGR pups after 2 h of normoxic or hypoxic conditions after receiving vehicle alone. In CONTROL I U G R 
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SHAUL ET AL these animals cardiac NE content was unchanged compared to baseline values (data not shown).
Adrenal catecholamine synthesis and release. The results of the adrenal catecholamine synthesis studies using 14C-tyrosine are shown in Figure 5 . Under normoxic conditions adrenal catecholamine synthesis in control pups was 30% less than in IUGR pups. In response to hypoxia the control pups had a 38% increase in adrenal catecholamine synthesis. In contrast, there was no increase in adrenal catecholamine synthesis in the IUGR pups in response to hypoxia. The results of adrenal catecholamine release experiments are shown in Figure 6 . Total adrenal catecholamine content represents the sum of NE and EPI content. Other catecholamines such as dopamine were not included because NE and EPI accounted for more than 95% of all adrenal catecholamines.
Baseline total catecholamine, NE, and EPI contents were similar in control and IUGR pups. After pretreatment with a M T under normoxic conditions. adrenal NE and EPI content did not change in control pups, indicating that basal adrenal catecholamine release was not detectable. In normoxic IUGR pups NE content did not change, but EPI content was decreased by 44% from baseline. Thus, under normoxic conditions the IUGR pups had greater adrenal catecholamine release than controls, and the release was selectively EPI. After pretreatment with a M T under hypoxic conditions, both adrenal NE and EPI content declined in control pups. Catecholamine release was not selective, in that the percentage of total catecholamines remaining as EPI after hypoxia (74%) was similar to the percentage as EPI at baseline (75%). The decline in adrenal NE and EPI content with hypoxia in control pups is consistent with the observed elevations in plasma NE and EPI concentrations in response to hypoxia in the first set of studies. In contrast, in the IUGR pups under hypoxic conditions there was a decline in adrenal NE content, but there was no additional release of EPI compared to normoxic conditions. The release of adrenal NE in hypoxic IUGR pups was not evident in the first set of studies, in that there was no detectable increase in plasma NE concentration. Adrenal catecholamine content was also measured in control and IUGR pups after 2 h of normoxic or hypoxic conditions after receiving vehicle alone. In these animals, adrenal NE and EPI content were similar to baseline values (data not shown).
DISCUSSION
In the present studies, cardiac sympathetic neuronal activity and adrenal medullary catecholamine synthesis and release were successfully determined in vivo under normoxic and hypoxic conditions in an established model of IUGR. The control group selected was optimal in that it differed from the experimental group only regarding the absence or presence of uteroplacental insufficiency late in gestation. The results support the hypothesis tested and reveal that IUGR may lead to dramatic alterations in sympathoadrenal system function in the newborn. Under normoxic conditions, the IUGR pups had increased cardiac sympathetic neuronal activity and increased adrenal medullary catecholamine synthesis and EPI release compared to controls. In response to acute hypoxia, the control pups had increased sympathetic neuronal activity and increased adrenal catecholamine synthesis and NE and EP release compared to normoxic controls. In contrast, in the IUGR pups the cardiac sympathetic neuronal response and the adrenal medullary EPI response to acute hypoxia were blunted.
The results for the control group were similar to findings in previous studies of the sympathoadrenal system of the rat. The plasma catecholamine concentrations for normoxic control pups were similar to those reported by Cuezva et al. (19) and BenJonathan (37). In the [3H]-NE turnover studies of cardiac sympathetic neuronal activity, the mean fractional NE turnover rate for control pups under normoxic conditions was 4.6%/h, and this was similar to observations made by Johnson et al. (24) in older rats, where the range was 3 to 4%/h. No previous data are available regarding the NE turnover rate in newborn rats. The results for baseline endogenous cardiac and adrenal catecholamine content in control pups were similar to values reported by Iverson et al. (22) and Seidler and Slotkin (17) .
The results of the studies of cardiac sympathetic innervation suggest that IUGR may affect the development of the cardiacsympathetic axis. As mentioned previously, after a normal pregnancy the sympathetic innervation of the newborn rat heart is not complete until the latter half of the 1st wk of life. However, it has been shown that with maternal stress, maternal drug addiction, and such neonatal conditions as experimental hyperthyroidism, this process can be greatly accelerated (10) . The detectable basal cardiac sympathetic neuron activity in normoxic control pups and the observed increase in activity in response to acute hypoxia indicate that cardiac sympathetic innervation was intact by 24 h of postnatal age in our model. This may have been due to the stress of maternal surgery or other conditions present in our studies. The enhanced cardiac sympathetic neuron activity in normoxic IUGR pups, compared to normoxic controls, suggests that growth retardation may have resulted in even greater acceleration of the maturation of cardiac sympathetic innervation than that due to the study design alone. Additionally, the blunted cardiac sympathetic neuron response to acute hypoxia in the IUGR pups may indicate that the precocious appearance of cardiac sympathetic neurotransmission is neither beneficial nor even innocuous to the IUGR pup. It is possible that accelerated innervation in the IUGR pup may lead to both short-term and long-term alterations in the ultrastructure and function of the cardiac sympathetic-axis, as has been observed with accelerated innervation in experimental neonatal hyperthyroidism (1 0).
In addition to having had potential effects on cardiac sympathetic innervation, IUGR also may have resulted in altered adrenomedullary development. The normal ontogeny of adrenomedullary function in the rat occurs along a time course which is similar to that of cardiac sympathetic innervation. Surges of adrenomedullary activity in response to stress occur in the normal rat fetus and in the newborn at birth despite the absence of splanchnic control of the adrenal medulla. Splanchnic innervation then appears towards the end of the 1 st wk postnatally, and it becomes mature by 10 d of age. The immature "nonneurogenic" response, which consists of adrenal NE and EPI release exactly duplicating their ratio in the immature gland, disappears as neural connections develop. The mature neurogenic secretion is characterized by selective release of either amine, depending upon the excitation of specific populations of spinal neurons (1 1, 18, 38) . In the present study, the control pups had no detectable adrenal NE or EPI release under normoxic conditions, and catecholamine release in response to acute hypoxia was not selective, suggesting that it may have been nonneurogenic. In contrast, in the IUGR pups catecholamine release under normoxic conditions was exclusively EPI, and additional release under hypoxic conditions was exclusively NE. These observations may indicate that the IUGR pups had prematurely intact splanchnic nerve regulation of adrenomedullary function at 24 h of age, with different populations of spinal neurons being excited under normoxic and hypoxic conditions. In the IUGR pups, there was no increase in EPI release in response to hypoxic versus normoxic conditions, and this blunted response may have been due to the accelerated onset of splanchnic nerve competence. It has been found, in general, that conditions that accelerate the development of splanchnic nerve regulation of the rat adrenal medulla lead to premature loss of the nonneurogenic response mechanisms and loss of their protective effect regarding the survival of neonatal hypoxia (1 8) .
Thus, in the present study IUGR newborn rat pups had increased basal sympathoadrenal activity under normoxic conditions and an impaired sympathoadrenal response to acute hypoxia compared to control pups. It is speculated that IUGR in the rat may lead to accelerated maturation of both the neuronal and adrenomedullary components of the sympathoadrenal system, resulting in an impaired ability of the IUGR newborn pup to respond to acute stresses such as hypoxia. Compromised sympathoadrenal responses to acute stress may contribute to the pathogenesis of the perinatal morbidities and the increased perinata~mortalit~ associated with intrauterine growth retardation.
